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Introduction
1,1,1,3,3-pentafluoropropane (R-245fa) is one of the promising hydrofluorocarbons (HFCs) due to its preferable characteristics as a chemical blowing agent or refrigerant. R-245fa is advantageous over formerly used chlorofluorocarbon (CFC) and hydrochlorofluorocarbon (HCFC) blowing agents in terms of ozone-friendliness and low toxicity characteristics. In the refrigeration industry, R-245fa has been adopted as an alternative for trichlorofluoromethane (R-11) and 2,2-dichloro-1,1,1-trifluoroethane (R-123) in centrifugal chillers and high-temperature heat pumps. In addition, R-245fa has received much attention recently as a working fluid in organic Rankine cycles (ORCs) for the utilization of low-temperature heat sources. There are many experimental or analytical studies for ORCs using R-245fa, e.g., Wei et al., 1 Boretti, 2 Kang, 3 and Luján et al., 4 which concluded that R-245fa is a potential working fluid for ORCs. To improve the thermal efficiency, Agostini et al. 5 and Ong and Thome 6 closely investigated boiling heat transfer characteristics of R-245fa. Thermodynamic property information on R-245fa forms the basis of these studies. It is expected that more accurate property information on R-245fa will become available in the future. A commonly used equation of state for R-245fa is the equation developed by Lemmon 
Critical and Triple-Point Values
Available experimental data for the critical parameters of R-245fa are given in Table 2 . The critical parameters are some of the most important fundamental properties and a prerequisite for the development of an equation of state. They are generally used as the reducing parameters for the independent variables. Since experimental determination of the critical parameters is generally difficult, considerable differences are sometimes observed among reported values. After comprehensive analysis and evaluation, this work adopted the critical temperature and pressure determined by Higashi and Akasaka;
11 their values are (427.01 ± 0.02) K and (3.651 ± 0.003) MPa. The parameters were obtained from direct observation of the meniscus disappearance. The critical temperature was used as the reducing temperature in the new equation of state. It is more difficult to measure the critical density than the other two parameters because of the infinite compressibility at the critical point and the difficulty of reaching thermodynamic equilibrium. Therefore, the critical density determined by Higashi Tables 3 and 4 summarize the available experimental data for R-245fa with the temperatures converted to ITS-90. The tables also give the average absolute deviations (AAD) and bias (BIAS) of each dataset from calculated values with the new equation of state. The AAD and BIAS in any property X are defined as
Experimental Data
and where
All experimental data were evaluated in terms of sample purity, experimental uncertainties, and deviations from the Lemmon and Span 7 equation of state. Based on the data evaluation, the most reliable and consistent data were selected for the development of the new equation.
The vapor pressure is the most studied property of all thermodynamic properties of R-245fa. A literature survey found 12 articles containing experimental vapor-pressure data. Figure 1 shows deviations in vapor pressures from the Lemmon and Span 7 equation of state. Lemmon and Span 7 mentioned that in the high-temperature region the vapor pressures by Pan et al. 19 and those by Wang and Duan 18 are consistent, but they differ from the data by Grebenkov et al. 10 In addition, Feng et al. 20 also pointed out that obvious discrepancies are observed among vapor pressures at temperatures near the critical point and below 270 K. Feng et al. 20 measured a significant number of vapor pressures over a wide range of temperature with uncertainties of 5 mK for temperature and 0.3 kPa for pressure. The uncertainties are the smallest of all the vapor-pressure data given in Table 3 . Above 350 K, the vapor pressures by Feng et al. 20 are more consistent with those by Pan et al. 19 and by Wang and Duan 18 rather than those by Grebenkov et al. 10 The data by Higashi and Akasaka, 11 which are the most recent data, also exhibit very similar trends to the data by Feng et al. 20 From these observations, this work selected the vapor pressures by Feng et al. 20 are more scattered than the other data, probably due to lower sample purity and larger uncertainties in the temperature and pressure measurements. The fitting of the equation of state used the data by Defibaugh and Moldover. 13 For the saturated vapor density, only the data by Grebenkov et al. 10 are available; the data were used in the fitting process with a small weighting factor.
Six articles report pρT data in the single phase. Figure  2 shows the distribution of the pρT data. Significant discrepancies are not observed between data points in the liquid phase. At pressures below 10 MPa, the data by Sotani 16 are less scattered than the other data. Although the data by Grebenkov et al. 10 cover the critical region, some poor quality data are included. The fitting mainly used the data by Defibaugh and Moldover 13 and by Yin and Wu 23 for the liquid phase and the data by Di Nicola 16 for the vapor phase. The data by Grebenkov et al. 10 were also used with very small weighting factors. The liquid-phase data by Sotani and Kubota 14 at 200 MPa were employed to evaluate the equation in the extrapolation region.
There are three articles containing experimental data for the caloric properties. The distribution is shown in Fig. 3 . Hwang et al. 24 reported isobaric heat capacities at saturation in the liquid phase. Sound-speed data were presented by Grebenkov et al. 10 for the liquid phase and by Kano and Kayukawa 25 for the vapor phase. The fitting incorporated sound-speed data with high weighting factors. The heat-capacity data by Hwang et al. 24 were not used in the fitting due to larger uncertainties than those in the sound-speed data.
Ancillary Equations
For rapid calculation of the saturation properties, simple correlations are presented for the vapor pressure and the saturated liquid and vapor densities. The following correlations were fitted to calculated values obtained with the use of the Maxwell criteria applied to the new equation of state at temperatures from 170 K to the critical temperature. The correlations also provide excellent initial guesses for the iterative calculation required in the Maxwell criteria to determine the saturated state.
The
where T c is the critical temperature (427.01 K), p c is the critical pressure (3.651 MPa), 
where θ is defined as in Eq. (4), ρ c is the critical density (3.875 mol dm The saturated vapor densities ρ ′′ are correlated with
where θ is defined as in Eq. 
Equation of State
The new equation of state is formulated with the Helmholtz energy as the fundamental property with independent variables temperature and density. The form of the equation is
where a is the molar Helmholtz energy, α is the dimensionless Helmholtz energy, R = 8.314 462 1 J mol
is the universal gas constant, 26 τ = T c /T is the inverse reduced temperature, and δ = ρ/ρ c is the reduced density. The dimensionless Helmholtz energy α is split into an ideal-gas part α 0 representing ideal-gas properties and a residual part α r corresponding to the influence of intermolecular forces.
Ideal-gas Helmholtz energy
The dimensionless ideal-gas Helmholtz energy α 0 is analytically derived from an equation for the isobaric heat capacity of the ideal gas, c p 0 , as follows:
where τ 0 = T c /T 0 , δ 0 = ρ 0 /ρ c = p 0 /(RT 0 ρ c ), T 0 is the temperature at a reference state, p 0 is a reference pressure for the ideal-gas properties, and ρ 0 is the ideal-gas density at (T 0 , p 0 ). This work used the c p 0 equation presented by Lemmon and Span. 7 The equation has the form,
where the coefficients n i 0 and exponents m i 0 are given in Table 5 . The ideal-gas Helmholtz energy derived from Eqs. (8) and (9) is
where n i 0 and m i 0 are the same as those in Eq. (9) . The values of n 4 0 and n 5 0 were determined so that the specific enthalpy and entropy of the saturated liquid state at 0
• C are 200 kJ kg Table 5 gives additional digits for these coefficients beyond those required to obtain the expected uncertainties to better reproduce the enthalpy and entropy values specified.
Residual Helmholtz energy
Recent developments of accurate equations of state express the residual Helmholtz energy with the following functional form:
In general, the number of terms and the values of the coefficients and exponents are determined through fitting of experimental data. This work fitted the form to the selected experimental data through the use of the nonlinear fitting algorithm developed by Lemmon and Jacobsen 27 and Lemmon et al. 28 The fitting minimized the objective function represented as
where W is the weighting factor, and F is the relative deviation in calculated properties from the experimental values. The relative deviations F p , F ρ , and F w are defined as
and
where the subscripts calc and exp indicate calculated and experimental values, respectively. The pressure deviation F p is calculated for pρT data in the vapor phase and critical region, and the density deviation F ρ is calculated for liquid-phase pρT data. Deviations for other experimental data were added to the objective function in a similar manner as for the sound-speed deviation F w . Each data point is individually weighted according to type, region, and uncertainty. Typical values of W are about 1 for pρT data and vapor pressures, 0.01 for heat capacities, and 100 for accurate sound speeds. During minimization of the objective function, various thermodynamic constraints were applied to ensure that the equation of state was well behaved in the vicinity of the critical point and would reliably extrapolate beyond the range of the experimental data. These constraints have been discussed in the literature, e.g., Span and Wagner, 29 Lemmon and Jacobsen, 27 and Lemmon et al. 28 For example, the values of the first and second derivatives of pressure with respect to density were fitted so that their values would be zero at the critical temperature and density. The values of t i should be greater than zero, and d i and l i should be integer values greater than zero. Once the minimization finished, the number of significant digits in η i , β i , γ i , and ε i were rounded to four or less, and those of t i were reduced to three digits or less, followed by refitting other coefficients and exponents with the same objective function. The final form of the residual part obtained in this work is
where the coefficients and exponents are given in Table 6 .
Comparisons to Experimental Data
Statistical comparisons were made to all available experimental data, including those not used during the fitting. These statistics are based on the AAD and BIAS given by Eqs. (1) and (2) . The AAD and BIAS values of the experimental data are given in Tables 3 and 4 .
Deviations in experimental vapor pressures from calculated values with the new equation of state are shown in Fig. 4 Lemmon and Span 7 are also plotted in this figure. The data by Feng et al. 20 and by Higashi and Akasaka, 11 to which the equation was fitted, are represented within ±0.08%, except some of the data at temperatures below 250 K. The data by Maruko et al. 22 are represented within ±0.1% at temperatures above 350 K, but deviate more at lower temperatures, where the maximum deviation is −0.3%. The data by Defibaugh and Moldover 13 show good agreement within ±0.2% at temperatures above 280 K, with increasing deviations at lower temperatures. Although the data by Pan et al. 19 show systematic negative deviations down to −0.7% at temperatures below 330 K, the data agree with the equation within ±0.2% at higher temperatures. The data by Di Nicola 16 show systematic negative deviations down to −0.8%. Other vapor-pressure data are represented within ±1%. the maximum deviation is 0.24%. Sound speeds in the vapor phase by Kano and Kayukawa 25 are represented within ±0.1% except one data point at the highest pressure at 308.15 K.
Extrapolation Behavior of the New Equation of State
In order to verify the behavior of the new equation of state in regions away from the available experimental data, several plots of constant-property lines on various thermodynamic coordinates are shown here. Figures 8 and 9 are diagrams for the isochoric heat capacity c v and isobaric heat capacity c p versus temperature, respectively. Both figures show that the behavior of the new equation of state is reasonable within the range of validity, and that the extrapolation behavior is also reasonable at higher temperatures and pressures. An upward trend is observed in the liquid region at low temperatures below the triple-point temperature, which is quite common among fluids and has been validated experimentally for many fluids. Figure 10 shows the sound speed w versus temperature. The saturated liquid line on this figure is a smooth F. 12. Isothermal behavior of the equation of state at extreme conditions of temperature and pressure. Isotherms are shown at temperatures of T tp , 200, 250, 300, 400, T c , 500, 1000, 5000, 10 000, 50 000, 100 000, 500 000, and 1 000 000 K. arc when displayed on a logarithmic scale. There is no physically incorrect behavior over wide ranges of temperature and pressure. Figure 11 shows the density behavior along isobars. All isobars are very smooth, and the rectilinear diameter is straight as it approaches the critical point. This helps to ensure that the saturated vapor densities are reliable. Figure  12 indicates that the extrapolation behavior to extremely high temperatures, pressures, and densities is reasonable. As explained by Lemmon and Jacobsen, 27 the smooth behavior at extreme conditions comes from the term with t i = 1 and d i = 4 (the term with the largest d i in the polynomial terms). Figure 13 shows the following four characteristic curves: the ideal curve, the Boyle curve, the Joule-Thomson inversion curve, and the Joule inversion curve. Their definitions are given in other work. 28 The behavior of the four characteristic curves is adequate in regions without available experimental data. The Gruneisen coefficient γ is defined as
EQUATION OF STATE FOR R-245FA
where e is the molar internal energy. Problems with an equation of state can be seen better in plots of the Gruneisen coefficient than with other properties, because the coefficient is a combination of different properties related to the secondorder derivatives of the Helmholtz energy. Therefore, the smooth behavior of the Gruneisen coefficient, shown in Fig. 14, suggests that other properties and the equation of state are more likely to be correct.
Conclusions
The new equation of state for R-245fa was successfully fitted with the Helmholtz energy as the fundamental property. The new equation is valid for temperatures from the triple point (170.0 K) to 440 K with pressures up to 200 MPa. Comparisons to experimental data demonstrated that typical uncertainties in calculated properties from the new equation are 0.1% for vapor pressures, 0.1% for saturated liquid densities, 0.1% for liquid densities below 70 MPa, 0.2% for densities at higher pressures, 0.3% for vapor densities, 0.3% for liquid sound speeds, and 0.1% for vapor sound speeds. The uncertainties for all properties except vapor pressures increase toward the critical point. In the critical region, the upper value in uncertainty for density is about 1%. Several plots of constant-property lines demonstrated that not only does the new equation exhibit correct behavior over all temperatures and pressures within the range of validity, but also that it shows reasonable extrapolation behavior at higher temperatures and pressures.
As an aid in computer implementation, calculated property values from the new equation of state are given in Table 7 .
